A combination of impedance spectroscopy and a modified electromotive force method (emf) were used to evaluate the ionic transport numbers and the overall conductivity of several doped lanthanum gallate materials, i. 
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Determination of the ionic transport numbers of lanthanum gallate materials by impedance spectroscopy and modified EMF method
INTRODUcTION
Perovskite-type structure materials, ABO 3 , based on lanthanum gallate, LaGaO 3 , are promising materials for intermediate temperature (873-1073 K) solid oxide fuel cells (SOFCs) (1) . Although, some drawbacks related to the formation of secondary phases e.g. LaSrGaO 4 and LaSrGa 3 O 7 in the course of processing of LaGaO 3 -based materials (2) , and the chemical and mechanical compatibility with electrode materials should be overcome (3) .
These materials exhibit high oxygen ionic conductivity by substituting lanthanum with alkaline-earth elements (Sr, Ca, Ba) and/or incorporating bivalent metal cations (Mg, Ni) into the gallium sublattice due to an increase of the oxygen vacancy concentration. Furthermore, several computational studies of cation defects in lanthanum gallate based materials reported how divalent and trivalent cations with ionic radii ≤0.8 Å (e.g. Fe, Mn, Sc, etc.) are predicted to substitute preferentially for Ga 3+ position (4), hence the influence of different B-site substitutions on the transport and physicochemical properties of lanthanum gallate has been studied in order to develop novel materials for electrochemical applications (5, 6) . However, a negligible electronic conductivity is required for many applications, e.g. dense electrolyte in SOFC technology. For example, Kharton et al. (6) have found that gallium substitution with niobium is not a suitable strategy for obtaining improved oxygen ion-conducting solid electrolytes due to an increase of p-type electronic contribution.
One of the most promising compositions is La 0.9 Sr 0.1 Ga 0.8 Mg 0.2 O 2.85 (LSGM) material, which has been investigated as solid electrolyte for intermediate temperature solid oxide fuel cell (IT-SOFC) applications (7, 8) . LSGM exhibits higher ionic conductivity than the-state-of-the-art yttria stabilised zirconia, with a typical value of 0.1 Scm -1 at 1073 K and ionic transport numbers greater than 0.99. (9, 10) .
On the other hand, Ishihara et al. (5) reported that the introduction of small amounts of cobalt into the gallium sites may result in an increase of the ionic conductivity in LSGM material. Nevertheless, it was also found that the electronic conductivity increased and consequently, the ionic transport number decreased with the increasing of cobalt content. The optimal composition for the cobalt doping was estimated between 5 to 8.5 mol%. The partial electronic and hole conductivity in Co doped LaGaO 3 based perovskite oxides were investigated with an ion-blocking method (11) and the transport numbers were estimated by the emf of an H 2 -O 2 gas concentration cell (5, 11) . In the present work, it has been investigated the influence of the Co and Mg substitution for Ga-site on the transport properties of several LaGaO 3 -based materials using a combination of impedance spectroscopy measurements and a modified emf method (12) . Additionally, the incorporation of alkaline-earth cations into the La 3+ site has been also investigated, i.e. La 0.9 A 0.1 Ga 0. 8 3 and MgO were fired at 1273 K for 5 hours in air, before weighing, to remove absorbed water and organic species. The corresponding oxide and carbonate mixture was ground using a ball milling system with acetone and fired at 1173 K for 10 hours in air. Afterwards, the oxide mixture was ball milled again and pressed into pellets at 125 MPa (Ø = 10 mm). Finally, these pellets were sintered at 1623 -1723 K for 6 hours in air.
Material characterisation by XRD
X-ray powder diffraction (XRD) patterns were recorded with a Philips X´Pert Pro diffractometer equipped with a primary monochromator, CuKα 1 radiation, and a X´Celerator detector. The XRD patterns were collected with a step of 0.016º in the 2θ angular range 5-120º and acquisition time of 3h. Profile matching of the XRD patterns was performed using FullProff and WinPlotr programs (13) . The usual parameters were refined: scale factors, background coefficients, zeropoints, half-width, pseudo-Voigt and asymmetry parameters for the peak-shape. Atomic parameters were not refined.
Electrical characterisation by impedance spectroscopy
Impedance spectra measurements were carried out on a 2-electrode arrangement using ∼7.5 mm diameter and ∼1.5 mm thick dense pellets of the corresponding specimen. The density of these pellets was higher than 95% of the theoretical density estimated from the crystallographic data. Porous platinum electrodes were formed by coating platinum paste on both sides of the pellets and then fired at 1173 K for 1 hour in air. The impedance spectra were measured under air using a frequency response analyser (Solartron 1260) in the frequency range from 0.1 Hz to 1 MHz and with an excitation voltage of 100 mV. Impedance spectra data were fitted with equivalent circuits.
Determination of the ion transport numbers by a modified emf method
The emf technique is based on the measurement of the open-circuit voltage of a cell placed under a chemical potential gradient (14) . For an oxygen concentration cell with negligible electrode polarisation resistance, the oxygen ion transference number can be obtained from the ratio of the measured emf (E exp ) and theoretical Nernst voltage (E th ): [1] where [2] p 1 and p 2 are the values of the oxygen partial pressure at the electrodes, and E th was determined using a YSZ oxygen sensor, see Fig. 1 . The electrode polarisation affects the measured emf of electrochemical cells with mixed ionic-electronic conductors, leading to underestimation of ion transference numbers (15) . Some authors (12, 16) have proposed modified methods taking into account this effect. These methods are based on a modification of the equivalent circuit proposed by Patterson (17) . In this work, the modification suggested by Gorelov (12) has been used. The equivalent circuit for such a cell is illustrated in Fig. 1 . The electrical current (I) flowing through this cell may be expressed as: [3] where η is the sum of the electrode overpotentials, and R o and R e are ionic and electronic resistances of the mixed conductor, respectively. At low overpotentials, one can assume a linear dependence of overpotential on the current (I), and express the effects of electrode overpotentials in terms of a polarisation resistance (R η ) as:
The oxygen-ion transference number may be expressed using the quantities R o and R e : [5] where σ o and σ e are the ionic and electronic conductivities, respectively. Substituting Eqs. [4] and [5] into Eq. [3] , one obtains: [6] Gorelov proposed studying the emf as a function of an external variable resistance (R M ) closing the circuit (16), see Fig. 1 . In this case: [7] Thus, values of R e could be calculated from a linear dependence fit: [8] where A= (R o +R η ) and B=(R o +R η )/R e are regression parameters. One should notice that [9] therefore, the oxygen ion transference numbers were calculated as: [10] where t e is the electron transference number, and R total is the overall resistance of the sample, measured independently by impedance spectroscopy. Fig. 2 Fig. 3 and 4 . The cell parameters and space groups of these compositions are summarised in Table I , and they are in accord with the literature (18) . It should be noted that an increase 
RESULTS AND DIScUSSIONS

Material characterisation by XRD
Electrical conductivity
The Arrhenius plots for the overall conductivity of La 0.9 A 0.1 Ga 0. 8 Fig. 5a . In fact, pure LaSrGa 3 O 7 is an insulator, however, the oxide-ionic conductivity in LaSrGa 3 O 7 material has been explained due to an interstitial mechanism considering a different regions with different La/Sr ratios (19) , whereas in LSGM material the oxide-ion conductivity has been described by a vacancy mechanism (20) . In any case, it is highly recommendable to minimise the formation of LaSrGaO 4 and LaSrGa 3 O 7 impurities during the synthesis of the LSGM material which may seriously affect the performance of LSGM as SOFC electrolyte.
Regarding the overall conductivity of La 0.9 A 0.1 Ga 0.8 Mg 0.2 O 2.85 (A=Sr, Ba and Ca) compositions, it can be observed that the conductivity of Sr-substituted composition (LSGM) is comparable to Ba-substituted (LBGM) one, although in the case of LSGM, the conductivity is slightly higher above 770 K. Whereas, the conductivity of Ca-substituted composition (LCGM) is lower than those of Sr and Ba compositions in the whole temperature range studied, possibly due to a decrease of the unit cell parameter after calcium substitution as reported in the literature (10) . Therefore, the electrical conductivity of La 0.9 A 0.1 Ga 0.8 Mg 0.2 O 2.85 depends on the alkaline earth cations added for the La site and it increases in the order Sr>Ba>Ca. This trend is explained by the lower level of lattice strain upon Sr 2+ substitution, and it is in a good agreement with the previous work of Ishihara and co-workers (10).
Ionic transport numbers
The temperature dependence of the ionic transport numbers, estimated by the Gorelov´s method (16) Thus, the substitution of La 3+ and Ga 3+ for Sr 2+ and Mg
2+
respectively is an effective method for enhancing the oxideion conductivity due to the creation of oxygen vacancies in the oxide crystal lattice as indicated in the literature (4) . Otherwise, the ionic transport numbers for Co-substituted LaGaO 3 materials decreased as the cobalt content increased,
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The ionic transport numbers and the overall conductivity of La 0.9 A 0.1 Ga 0. 8 
